nal inclusion bodies, likely associated with cell death. QTLC demonstrated extensive uptake of sphingoid bases by the bacteria. Hence, sphingoid bases induce both extracellular and intracellular damage and cause intracellular inclusions that may reflect lipid uptake.
Introduction
Sphingoid bases and neutral lipids are present in the stratum corneum where they likely contribute to the permeability and innate immunologic barriers of the skin [1, 2] . Included among these lipids are fatty acids, derived from sebaceous triglycerides, and free sphingosine and dihydrosphingosine, derived from epithelial sphingolipids via hydrolytic enzymes. Although the antibacterial activity of these common lipids against both gram-positive and gram-negative bacteria has been established the mechanisms of action have not yet been firmly established.
D -Sphingosine, phytosphingosine, and dihydrosphingosine are all similar in structure. Sphingosine (C18: 1) is a long-chain unsaturated fatty alcohol with a single trans double bond between C4 and C5, hydroxyl groups on C1 and C3, and an amino group on C2. Dihydrosphingosine
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Skin Pharmacol Physiol 2013;26:36-44 37 (C18: 0) is sphingosine's saturated analog. Both mediate a variety of cellular processes [3] [4] [5] [6] [7] , through the inhibition of protein kinase C (PKC) [8] . Phytosphingosine (C18: 0) is structurally similar to dihydrosphingosine with the exception of a hydroxyl group at C4. Phytosphingosine also mediates a variety of cellular processes and has antiproliferative and anti-inflammatory properties [9, 10] .
D -Sphingosine, dihydrosphingosine, and phytosphingosine exhibit varying degrees of antimicrobial activity [10] [11] [12] [13] [14] and are both lipid-specific and microorganismspecific against a variety of gram-positive and gram-negative bacteria [15] [16] [17] [18] . Bibel and colleagues showed that these sphingoid bases are highly active against gram-positive bacteria and fungi, but relatively inactive against gram-negative bacteria. Based on studies including Lforms of S. aureus, the site of activity was suggested to be the cell wall. Electron microscopy showed cell wall lesions, disruption of the membrane, and leakage of cellular content [13] .
Recently, we found that D -sphingosine, dihydrosphingosine, and phytosphingosine are active (MIC range 0.7-31.3 g/ml) against E. coli , S. aureus, Corynebacterium bovis, Corynebacterium striatum, Corynebacterium jeikium, Streptococcus sanguinis, Streptococcus mitis, and Fusobacterium nucleatum but not against Serratia marcescens and Pseudomonas aeruginosa (MIC 1 500 g/ml) [18] . Kinetics assays revealed that complete killing is achieved in as little as 0.5 h for some lipid-bacteria combinations but up to 24 h are required with other combinations. Although the antibacterial activity of these common sphingoid bases against both gram-positive and gram-negative bacteria has been established, the mechanisms of action have not yet been firmly established.
In this study, we begin to assess lipid activity against a representative gram-positive and gram-negative bacteria: S. aureus, an opportunistic skin pathogen contributing to a wide variety of diseases leading to an estimated 478,000 hospitalizations and 11,000 deaths in the United States annually [19] , and E. coli, another contributor to skin and soft tissue infections [20, 21] . Similar to the results of Bibel and colleagues, we show that sphingoid bases induce ultrastructural damage. Furthermore, we show that (1) sphingoid bases accumulate in the bacterial cell, (2) sphingoid bases induce differential ultrastructural changes in representative gram-positive and gram-negative bacteria, and (3) sphingoid bases induce the presence of intracellular inclusions. The combination of these ultrastructural changes indicates a need for further study into potential mechanisms for their antimicrobial activity against microorganisms.
Materials and Methods

Bacterial Species and Growth Conditions E. coli ATCC 12795
TM and S. aureus ATCC 29213 TM were grown for 3 h in Mueller Hinton broth (Difco Laboratories, Detroit, Mich., USA) at 37 ° C. Bacterial cell suspensions were adjusted to contain 1 ! 10 8 CFU/ml (0.108 OD 600 nm, Spectronic 20D+, Thermo Fisher Scientific, Inc., Waltham, Mass., USA). For scanning electron microscopy, suspensions were then serially diluted to 1 ! 10 5 CFU/ml before treatment and for transmission electron microscopy, suspensions were left at 1 ! 10 8 CFU/ml.
Preparation of Lipids
D -Sphingosine, dihydrosphingosine, and phytosphingosine were obtained from Sigma Chemical Company (St. Louis, Mo., USA). Lipids were dissolved in a chloroform:methanol solution (2: 1), and purity was confirmed by thin-layer chromatography. Dried lipids were suspended in sterile 0.14 M NaCl to make a 1.0 mg/ml stock solution. The lipid samples were sonicated in 5 min increments to suspend the lipid, and diluted to the desired concentrations using 0.14 M NaCl.
Preparation of Lipid-Damaged Bacterial Cells
Broth cultures of E. coli and S. aureus were incubated with Dsphingosine, dihydrosphingosine, or phytosphingosine at 10 ! the previously determined MIC for 0.5 h ( E. coli treatments) and 4 h ( S. aureus treatments) at 37 ° C [18] . E. coli was treated with either 39 g/ml phytosphingosine, 104 g/ml sphingosine, or 312 g/ml dihydrosphingosine. S. aureus was treated with either 13 g/ml phytosphingosine, 16 g/ml sphingosine, or 20 g/ml dihydrosphingosine. In order to visualize cells in various stages of death, incubation times were based on killing kinetics [18] so that each suspension contained both viable ( ! 50%) and nonviable ( 1 50%) cells.
Scanning Electron Microscopy
After treatment with lipids, E. coli and S. aureus were layered on a membrane, fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, for 1 h in an ice bath and washed twice in 0.1 M sodium cacodylate buffer, pH 7.4, for 4 min. Samples were then further fixed in 1% osmium tetroxide for 30 min, washed twice in double distilled water, and dehydrated in a series of 25, 50, 75 and 95%, and absolute ethanol solutions followed by hexamethyldisilizane. Membranes containing E. coli or S. aureus were then mounted on stubs, sputter coated with gold and palladium, and examined with a Hitachi S-4800 scanning electron microscope (Hitachi High-Technologies Canada, Inc., Toronto, Ont., Canada).
Transmission Electron Microscopy
After treatment with lipids, E. coli and S. aureus were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, for 1 h in an ice bath and washed twice in 0.1 M sodium cacodylate buffer, pH 7.4, for 20 min. After fixation, the organisms were pelleted by centrifugation and suspended in warm 0.9% agarose in 0.1 M sodium cacodylate buffer, pH 7.4. The agarose was diced into 1-mm cubes and washed twice in 0.1 M sodium cacodylate buffer, pH 7.4, for 20 min. Cubes of agarose containing treated E. coli or S. aureus were then treated with 1% osmium tetroxide for 
Cell Dimensions and Statistical Analysis
Cells were randomly selected and photographed. To quantitate the observed effects of lipid treatments on cells, we measured cell dimensions using ImageJ. For E. coli, length (L) and width (W) measurements were taken across the approximate center of each bacterium. For S. aureus, vertical diameter measurements (d) were taken across the approximate center of each cell. Analyses are based on a minimum of 10 measurements for each treatment/ organism combination.
Visible surface areas of E. coli (L ! W) and S. aureus ( r 2 , where r = d/2) were computed as a method of examining treatment-induced change in overall bacterial size. The nonparametric Kruskal-Wallis test was employed with a 5% level of significance to test the null hypothesis that the distribution of visual surface areas is the same for all the treatment groups designated. Pairwise comparisons among the four treatment groups within each bacterial species were performed using the exact Wilcoxon rank-sum test. The Bonferroni correction was used to adjust for multiple comparisons to maintain an overall type I error level of 5%.
Isolation of Lipids from Bacteria
Broth cultures of E. coli and S. aureus were incubated with each of 0.14 M NaCl (negative control), D -sphingosine, dihydrosphingosine, and phytosphingosine at 500 g/ml (total volume of treatment was 5 ml per sample) for 4 h at 37 ° C. Sodium azide (0.05%) was added to kill the bacteria before pelleting by centrifugation. Whole cell pellets were frozen at -80 ° C, lyophilized, and lipids extracted using a previously described method [22] that consisted of successive extractions with chloroform-methanol mixtures (2: 1, 1: 1 and 1: 2) for 2 h each at room temperature. Extracted lipids were recovered by evaporation of the solvent under a stream of nitrogen. The lipids were then redissolved in 5 ml chloroform:methanol (2: 1), and washed with 1 ml 2 M potassium chloride to remove salts and other water-soluble materials [23] .
The resulting upper phase was discarded and the lower phase was again dried under nitrogen. Dried lipids were weighed and reconstituted in chloroform-methanol, 2: 1 at a concentration of 10 mg/ ml. Additional controls included suspensions of each treatment lipid in bacterial growth media (MHB) without bacteria followed by centrifugation and resuspension in chloroform-methanol (2: 1) to test the ability of the sphingoid bases to sediment.
Lipid Analysis
The lipids from each treatment and control were analyzed for sphingoid bases by quantitative thin-layer chromatography (QTLC) as previously described [24] . Chromatograms were developed with chloroform:methanol:water (40: 10: 1). Developed chromatograms were sprayed with 50% sulfuric acid and charred by heating slowly to 220 ° C on a hotplate. Digital images were obtained using a Hewlett-Packard Scanjet 3500c and analyzed using TNIMAGE (Thomas Nelson, Bethesda, Md., USA) in strip densiometry mode to estimate the total extracted lipid weight in each of the treated and untreated bacterial samples as well as controls. Percentage of lipid uptake for each sample was calculated by dividing the total extracted lipid weight by the total weight of lipid added. Sphingosine served as a standard for quantification [25] . ( table 1 ) . The Kruskal-Wallis test for E. coli (p ! 0.0001) was significant at the 5% level of significance, indicating that the distribution of visual surface areas differed among the treatment groups. Post hoc pairwise comparisons of treatment for E. coli and the associated treatments ( table 2 ) indicated that dihydrosphingosine and sphingosine had distributions of visual surface areas that significantly differed from control (p ! 0.0001 for both) after multiple comparisons adjustments using an overall 5% level of significance. They did not, however, significantly differ from each other (p = 0.6784). There was no evidence that the distribution of visual surface areas differed between phytosphingosine and control. Additionally, dihydrosphingosine and sphingosine were each significantly different from phytosphingosine (p ! 0.0001 for both) after multiple comparisons adjustment. Both had medians which are less than that observed with phytosphingosine treatment. ( table 1 ) . The Kruskal-Wallis test for S. aureus (p ! 0.0001) was significant at the 5% level of significance, indicating treatment differences in the distribution of visual surface area.
Results
Scanning Electron Microscopy
After adjustment for multiple comparisons using the Bonferroni method, post hoc pairwise comparisons among S. aureus and the related treatments ( table 3 ) also indicated that dihydrosphingosine and sphingosine had smaller visible surface areas that were different from the control (p ! 0.0001 for both). They did not, however, significantly differ from each other (p = 0.2993). There was no evidence that the distribution of visual surface areas differed between phytosphingosine and control. Additionally, dihydrosphingosine and sphingosine were each significantly different from phytosphingosine (p ! 0.0001 for both). Both had medians which were less than that of phytosphingosine.
Transmission Electron Microscopy
In thin sections, control E. coli had typical gram-negative rod morphology [27, 28] and the outer envelope, interspace, and cytoplasmic membrane were visible ( fig. 2 ) . In E. coli treated with sphingoid bases, the outer envelope and cytoplasmic membrane appeared intact and there was no visual evidence that the bacterial cell walls or membranes were damaged.
Interestingly, in E. coli treated with sphingoid bases, there were obvious electron dense intracellular inclusion bodies of various sizes and shapes. In many instances, these bodies filled the intracellular content of the cells. The remaining cytoplasm was not uniform suggesting aggregation or flocculation of intracellular contents. In thin sections, S. aureus had a typical gram-positive morphology [29, 30] and the cell wall and cytoplasmic membrane were clearly visible. The cytoplasm had a characteristic uniform granularity with an occasional fibrinous-like whirl characteristic of the nucleoid ( fig. 2 ) .
In S. aureus treated with sphingoid bases, there were cells in various stages of disintegration and lysis. In some cells, there were intact cell walls and cytoplasmic membranes but the cells contained a flocculated cytoplasm. Septal grooves appeared to be more pronounced and deeper than in the control S. aureus cells. Other cells had lysed and there were cross-sections of cell wall and cellular debris visible near damaged cells.
Like that seen in E. coli , S. aureus treated with sphingoid bases also contained electron dense intracellular inclusion bodies of various sizes and shapes that filled the intracellular content of the cells. In some cells there were additional vesicles. Whether these were remnants of cytoplasmic membrane still within the cell wall shell are yet to be determined. The remaining cytoplasm was not uniform also suggesting an aggregation or flocculation of intracellular contents.
Thin-Layer Chromatography
Both E. coli and S. aureus took up large amounts of sphingosine, phytosphingosine, and dihydrosphingosine relative to controls ( fig. 3 ) . A small amount of each of the sphingoid bases did remain on the tube walls or sediment from the medium upon centrifugation and was present in the control sphingosine, phytosphingosine, and dihydrosphingosine lanes but this was a relatively small amount compared to the lipids extracted from treated bacterial samples. Bacterial counts were completed at the beginning and end of the treatment period and confirmed killing of both E. coli and S. aureus by all three treatments. After the 4-hour treatment period, E. coli dropped from 3.6 ! 10 8 CFU/ml to 5.2 ! 10 2 upon treatment with sphingosine, 1.0 ! 10 6 with phytosphingosine treatment, and 6.0 ! 10 2 with dihydrosphingosine treatment. S. aureus went from 2.2 ! 10 8 CFU/ml in the untreated control to 5.0 ! 10 2 with sphingosine treatment, 3.0 ! 10 4 with phytosphingosine treatment, and 2.0 ! 10 5 upon treatment with dihydrosphingosine.
Discussion
An extensive number of host innate immune factors induce extensive ultrastructural damage to gram-negative and gram-positive bacterial cells. These factors include anionic peptides [31] , cathelicidins [32] , and defensins [29, 30] . We report here that sphingoid bases, which have been shown to be antimicrobial by our group and others [13, 33, 34] , also induce extensive ultrastructural damage to E. coli and S. aureus.
Treated cells from both species were distorted and, in some instances, were notably smaller in size. Their outer surfaces were concave and rugate in appearance, suggesting damage to the cell. Treated cells of S. aureus also had a noticeable loss of the cell wall. In thin sections of E. coli , there was no evident compromise of bacterial cell walls and membranes appeared to be intact. In S. aureus , there was the obvious disruption and loss of cell wall and membrane. Treated cells of both E. coli and S. aureus contained unique internal inclusion bodies. Hence, lipids at the skin surface induce both extracellular and intracellular damage.
Our results are similar to other studies of sphingoid bases against S. aureus in that sphingosine and dihydrosphingosine interfere with cell wall synthesis [13] . Dihydrosphingosine-treated S. aureus has multiple lesions in the cell wall, evaginations in the plasma membrane, and a loss of ribosomes in the cytoplasm [13] . The cell wall lesions may be sequelae of the affected plasma membrane. However, while treatment of E. coli with sphingosine results in surface bleb formation, the cell wall appears to be intact. Phytosphingosine appears to cause more overt cell wall damage.
Our results are also similar to those obtained when cells are treated with fatty acids or monoglycerides, which do not disrupt the integrity of the bacterial cell. Often there are no visible effects on bacterial cell walls by either scanning electron microscopy or in thin sections examined by transmission electron microscopy. Rather, the site of action appears to be the plasma membrane, which is often partially dissolved or missing. For example, group B Streptococcus treated with 10 m M monocaprin for 30 min are killed by disintegration of the cell membrane, leaving the bacterial cell wall intact [35] . The plasma membrane and electron transparent granules are gone. Interestingly, there are no visible effects of monocaprin on the bacterial cell wall directly. No changes can be seen by either scanning electron microscopy or in thin sections examined by transmission electron microscopy. Similarly, Candida albicans treated with capric acid (C10: 0) has a disrupted or disintegrated plasma membrane with a disorganized and shrunken cytoplasm [36] . Again, no visible changes are seen in either the shape or the size of the cell wall. Whether there is a general fluidizing effect resulting in leakage of cellular contents or a more specific interaction with membrane components is not yet known. The exact mechanism of sphingoid base action on the bacterial cell is currently being elucidated. All microorganisms have polar lipids in their cytoplasmic membranes (gram-positive and gram-negative bacteria) and the inner leaflet of the outer membrane (gram-negative bacteria) [37] . It appears likely that lipids may insert into the outer envelope and cytoplasmic membranes of gramnegative bacteria and the cytoplasmic membranes of gram-positive bacteria. Direct changes in the physical properties of the bacterial membranes resulting from sphingoid base insertion may render the membrane nonfunctional and thus may be the basis for bactericidal activity.
Alternatively, lipids may penetrate and accumulate in the cytoplasm. We have shown here that these sphingoid bases are taken up by both E. coli and S. aureus in large quantities and there is a possibility that they may be contributing to the internal inclusions seen in our micrographs. Microorganisms are known to accumulate lipid inclusions and microcompartments of varying shapes and compositions. Triacylglycerol inclusions and neutral storage lipid inclusions are just two examples [38, 39] . In the case of sphingoid bases, the presence of these lipids may interfere with cell metabolism. It is possible that the sphingoid bases may specifically inhibit certain enzymes in a manner similar to that by which they inhibit mammalian protein kinase C [40] .
It is interesting to note that D -sphingosine, dihydrosphingosine, and phytosphingosine induced differing effects on E. coli and S. aureus. Pairwise comparisons across lipid treatments and controls for each bacterium were significant between the controls and each of dihydrosphingosine and sphingosine but not for phytosphingosine. When comparing lipid treatments, phytosphingosine was different from dihydrosphingosine and sphingosine, but sphingosine and dihydrosphingosine showed no significant differences from each other. Sphingosine and dihydrosphingosine have similar structures, differing by only a single trans double bond. The molecular structure of phytosphingosine, however, contains an additional hydroxyl group, making it more polar. This could also explain the high variability seen in the visual surface area differences of both E. coli and S. aureus when treated with phytosphingosine. The increased hydrophilicity of phytosphingosine may contribute to slower partitioning into the bacterial membrane.
Increase in S. aureus skin colonization is associated with lipid deficiencies. For example, both deficient hexadecanoic acid production [41] and decreased levels of sphingosine [42] are associated with atopic dermatitis and subsequent increase in S. aureus skin colonization. Additionally, failure to clear S. aureus skin infections within innate immunodeficient mice is linked to mutation of an enzyme necessary for palmitic and oleic acid production [43] . Understanding the specific activities of skin lipids on bacteria contributes to knowledge of the roles of lipids in the control of bacteria on the skin.
In this study, we show that sphingoid bases induce unique ultrastructural damage. Sphingoid base-treated E. coli exhibited intact membranes and multiple internal inclusion bodies. Sphingoid base-treated S. aureus had obvious membrane and cell wall damage as well as multiple internal inclusion bodies. In conclusion, sphingoid bases commonly found on skin and in mucosal secretions have differential antimicrobial activity against gram-positive and gram-negative bacteria and may have potential for prophylactic or therapeutic intervention of infection.
